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The identification of Cryptosporidium oocysts in environmental samples is largely made by the use of an
immunofluorescent assay. In this study, we have used a small-subunit rRNA-based PCR-restriction fragment
length polymorphism technique to identify species and sources of Cryptosporidium oocysts present in 29 storm
water samples collected from a stream in New York. A total of 12 genotypes were found in 27 positive samples;
for 4 the species and probable origins were identified by sequence analysis, whereas the rest represent new
genotypes from wildlife. Thus, this technique provides an alternative method for the detection and differen-
tiation of Cryptosporidium parasites in environmental samples.

Cryptosporidiosis is a significant cause of waterborne out-
breaks of diarrheal diseases. Molecular typing tools have
shown that two genotypes of Cryptosporidium parvum are re-
sponsible for these outbreaks (28, 35). The human genotype
(genotype 1) parasites have so far been found only in humans,
whereas the bovine genotype (genotype 2) parasites have been
found in farm animals and some humans (3–5, 23, 24, 28, 31,
33, 35, 36, 39, 40). Although a high prevalence of Cryptospo-
ridium oocysts has been found in water (18, 19, 21, 30), a direct
laboratory linkage between oocysts found in water and para-
sites in outbreak cases has not been made. This could be due
to the lack of sensitivity and specificity of oocyst detection in
environmental samples. More sensitive identification and dif-
ferentiation of Cryptosporidium parasites in water samples
might be invaluable in the evaluation of sources of environ-
mental contamination.

Attempts have been made to use molecular techniques for
the analysis of environmental samples (7, 9, 11–14, 16, 29, 41).
Although earlier molecular diagnostic techniques did not have
the capability to differentiate Cryptosporidium oocysts at the
species and strain levels, recent advances in the molecular
characterization of Cryptosporidium parasites now make this
possible. Three small-subunit rRNA (SSU rRNA) gene-based
PCR-restriction fragment length polymorphism (RFLP) tech-
niques have been developed to differentiate C. parvum, Cryp-
tosporidium muris, and Cryptosporidium baileyi (2, 15, 20).
Many protocols have also been described to differentiate the
human and bovine genotypes of C. parvum (3–5, 23, 24, 28,
31–33, 35–37, 39, 40). Although most of these techniques per-
form satisfactorily for the analysis of fecal samples or purified
oocysts, the usefulness of some techniques for the analysis of
environmental samples has been questioned recently (29, 41).
For example, the species-differentiating techniques use prim-
ers that cross-react with other apicomplexan parasites or other

eukaryotic organisms, which leads to reduced specificity due to
interference from other organisms present in clinical and en-
vironmental samples (34). Most of the C. parvum genotyping
tools fail to amplify genomic DNA from other human-patho-
genic Cryptosporidium parasites (the C. parvum dog genotype,
C. meleagridis, and C. felis) and therefore may lead to under-
estimation of the hazardous potential of oocysts found in wa-
ters. The single-step PCR format used for most genotyping
methods may also lack the sensitivity required for the analysis
of environmental samples. The potential of genotyping tools in
the analysis of environmental samples, however, has been dem-
onstrated recently. Six types of 70-kDa heat shock protein
(HSP70) nucleotide sequences from the C. parvum bovine,
mouse, and human genotypes have been found in cell cultures
inoculated with oocysts isolated from environmental samples
(8, 37).

We and others have recently found the presence of various
host-adapted Cryptosporidium species and strains (25, 42, 44).
An SSU rRNA-based nested PCR-RFLP technique was devel-
oped for the differentiation of Cryptosporidium species and C.
parvum strains in fecal samples from humans and animals (42,
44). In the present study, we evaluated the performance of this
technique in the analysis of Cryptosporidium parasites in storm
water samples collected from a catchment area of the New
York City water system.

Water samples and sample processing. Most storm water
samples were collected from Ashokan Brook, which drains the
Ashokan Brook basin located in the Eastern Catskill Moun-
tains in New York State and contributes to the New York City
water supply, except for two samples which were collected
from Johnson Hollow Brook. The drainage basin for Ashokan
Brook is mostly undeveloped and forested, consisting of 84%
forested areas, 10% grassy land, 2% wetland, and approxi-
mately 4% impervious surface (homes and roads). Storm flow
in the stream during collections at times exceeded 363 ft3/s,
and turbidity during storms usually ranged from 7 to 100 neph-
elometric turbidity units. The water pH was fairly stable during
storms, and dissolved oxygen ranged between 9 and 11 mg/
liter.

Most storm samples used in this study were collected after
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seven storm events between May 1999 and March 2000, with
the exception of one sample (sample N), which was taken in
September 1998 (Table 1). Several water samples were taken
from the same site during each storm, at intervals of 0.5 to 1 h.
One-hour composites, with an average sample volume of 59
gal, or 50-gal grab samples of stream water were collected for
each sample.

The samples used to determine the number of oocysts by
microscopy were prepared using capture by filtration, concen-
tration by centrifugation, and purification by sucrose-Percoll
flotation using the Information Collection Rule (ICR) method
recommended by the U.S. Environmental Protection Agency
(38). Final sample concentrates were filtered through cellulose
acetate filters on a Hoefer manifold, stained using a Hydro-
fluor Combo immunofluorescent detection procedure, rinsed,
and placed on 75- by 38-mm slides as described for the ICR
method. Slides were examined for the presence of Cryptospo-
ridium oocysts under an epifluorescent microscope. Cryptospo-
ridium oocysts were diagnosed by fluorescence characteristics,
size, and shape and confirmed by the presence of internal
structures under differential interference contrast microscopy.
Usually, only 0.5 ml of the original ICR pellet was examined by
microscopy for each sample, which was the equivalent of 1.5 to
20 gal of storm water. The subsample concentrates used for the
PCR-RFLP and sequencing analysis were prepared using pel-
let material remaining from the original centrifugation proce-
dure completed for the ICR method (total pellet size was
between 1.5 and 20 ml, depending on the water turbidity dur-
ing sampling). Multiple (usually two) 0.5-ml pellet portions
(each equivalent to 3 to 40 gal of storm water) were separated
from the remaining pellet and were purified as separate ali-
quots using sucrose-Percoll flotation. Each float suspension
was reduced to 5 ml, vortexed, and combined with the other
floated subsample of the original pellet to maximize possible
oocyst recovery. After tubes were rinsed with a small amount
of eluting solution, the final subsample concentrate volume
submitted for PCR-RFLP and sequencing analysis was approx-
imately 10 ml.

DNA extraction. Cryptosporidium oocysts present in water
samples concentrated by filtration and sucrose-Percoll flota-
tion were further purified by immunomagnetic separation
(IMS), using magnetic beads coated with an anti-Cryptospo-
ridium monoclonal antibody (Dynal, Lake Success, N.Y.) and
following the manufacturer’s recommended procedures. The
IMS-purified oocysts were then subjected to five freeze-thaw
cycles, incubated with 1 mg of proteinase K (Sigma, St. Louis,
Mo.) per ml at 56°C for at least 1 h, and diluted with an equal
volume of pure ethanol. Oocyst DNA was extracted by passing
the oocyst-ethanol suspension through QIAamp DNA Mini
isolate columns (Qiagen, Valencia, Calif.).

PCR-RFLP analysis. Cryptosporidium oocysts in water sam-
ples were identified to the species and genotype levels by a
previously described PCR-RFLP technique (42, 44), except
that a correction (change of TAA to ATT) was made in the
sequence of the reverse primer for primary PCR (the corrected
primary reverse primer is 59-CCCATTTCCTTCGAAACAGG
A-39). Each sample was analyzed at least three times by PCR-
RFLP, using different volumes of DNA preparation (0.25, 0.5,
and 1 ml) for the PCR.

Sequence analysis. For confirmation, the secondary PCR
products were sequenced using an ABI377 autosequencer. Se-
quence accuracy was confirmed by two-directional sequencing
and by sequencing of a second PCR product. Nucleotide se-
quences generated were aligned with each other and with
known Cryptosporidium species and a C. parvum genotype pre-
viously obtained by us, using the computer software Wisconsin
Package, version 9.0 (Genetics Computer Group, Madison,
Wis.) and manual adjustment. Phylogenetic analysis was used
for the aligned sequences to assess the relationship among
isolates (42, 44). Neighbor-joining trees were constructed with
the program Treecon W, based on the evolutionary distances
between different isolates calculated by Kimura two-parameter
analysis and using C. muris and Cryptosporidium serpentis as the
out-group to assess the relatedness of isolates from water sam-
ples. Tree reliability was assessed by the bootstrap method with
1,000 pseudoreplicates, and only values above 50% are re-
ported (42, 44).

Detection of heterogeneous genotypes of Cryptosporidium
parasites in storm water samples by PCR-RFLP. The SSU
rRNA-based PCR-RFLP technique was initially used for the
analysis of DNA directly extracted from 11 water pellets pre-
pared by the ICR method, using the traditional phenol-chlo-
roform extraction technique (42, 44). No positive amplification
was achieved from these samples, although eight samples were
positive for Cryptosporidium oocysts by microscopic examina-
tions, and the corresponding volume of water examined for
these samples was similar to that for the samples processed
further by IMS (see below). Even after secondary purification
of the extracted DNA through passage in Qiagen columns,
none of the samples produced positive results. Analysis with
spiked Cryptosporidium DNA had shown that the DNA ex-
tracted from water pellets was inhibitory to PCR (data not
shown).

Subsequently, the PCR-RFLP technique was used for the
analysis of DNA extracted by Qiagen columns from oocysts
purified by IMS. Twenty-seven of the 29 storm water samples
analyzed by this technique produced positive PCR amplifica-
tion, including 12 of 13 samples that were negative by micros-
copy (Table 1). RFLP analysis of the secondary PCR products
revealed extensive differences in the band patterns between
different samples (Fig. 1). At least seven RFLP band patterns
were seen. Only four of the seven RFLP patterns showed
similarity to RFLP patterns of known Cryptosporidium para-
sites from animals genetically characterized by us (Fig. 1, lanes
3, 5, 6, 7, and 9). Some samples apparently had mixed Crypto-
sporidium parasites, as shown by the presence of extra RFLP
bands (data not shown).

Nucleotide sequence characterization of Cryptosporidium
parasites from storm water. To confirm the identification of
Cryptosporidium parasites, all secondary PCR products were
sequenced. Twelve major sequence types were obtained, and
these were named W1 to W12 (Fig. 2). Four of the genotypes
showed 100% homology to nucleotide sequences we previously
obtained for various animals; W2 was identical to Cryptospo-
ridium opossum genotype 1, W8 was identical to Cryptospo-
ridium opossum genotype 2, W10 was identical to C. baileyi,

TABLE 1. Storm water samples used in this study

Collection date
(mo/day/yr)

Collection
sitea

No. of
samples

Genotype name(s)
(no. of positive samples)

9/22/98 E13i 1 W5 (1)
5/19/99 E13i 6 W1 (2), W4 (5), W7 (1), W11 (1)
8/14/99 E13i 4 W6 (4), W7 (1), W11 (3)
9/7/99 E13i 4 W1 (2), W3 (1), W8 (2), W10 (3)
9/16/99 FB4 2 W3 (1)b

11/2/99 E13i 4 W1 (1), W2 (2), W7 (1), W9 (1)
1/10/00 E13i 4 W2 (1), W4 (2), W7 (2)
3/16/00 E13i 4 W7 (3), W12 (1)b

a E13i, Ashokan Brook; FB4, Johnson Hollow Brook.
b One sample was negative for the given genotype.
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and W11 was identical to an unnamed Cryptosporidium para-
site from snakes. PCR products from 12 samples had multiple
genotypes, as shown by the underlying signals in the electro-
pherogram of the autosequencing results. Sequencing of mul-
tiple PCR products confirmed the presence of different geno-
types in these samples (Table 1 and Fig. 1). However, there
were usually only one or two genotypes dominating each sam-
pling time. For example, W6 was found in all samples taken on
14 August 1999, and W4 was seen in five of six samples taken
on 19 May 1999 (Table 1).

Genetic relationship among Cryptosporidium genotypes found
in storm water. The genetic differences among the Cryptospo-
ridium genotypes found in water were relatively large. The
genetic differences between the genotypes found in water and
the C. parvum bovine or human genotype were 1.55 to 6.25%.

With the exception of genetic distance between the W3 and
W4 genotypes, which had a nucleotide difference of 1.28
changes per 100 bp, the genetic differences among various
water genotypes were 2.07 to 8.19% (Table 2).

To assess the genetic relatedness of the water genotypes to
known Cryptosporidium parasites, phylogenetic analysis was
conducted with the water genotype sequences and SSU rRNA
sequences from various Cryptosporidium spp. (C. muris, C. ander-
soni, C. serpentis, C. baileyi, C. felis, C. saurophilum, C. meleagridis,
C. wrairi, and several unnamed species) and C. parvum geno-
types (bovine, human, mouse, monkey, ferret, pig, dog, bear,
skunk, marsupial, and opossum). All 12 water genotypes clus-
tered in the group containing the intestinal Cryptosporidium
parasites (C. baileyi, C. felis, C. saurophilum, C. meleagridis,
C. wrairi, and C. parvum), with full statistical reliability. Fur-
thermore, genotypes W1 to W8 and W12 were placed in the
previously defined broad C. parvum group (containing C. par-
vum, C. wrairi, C. meleagridis, C. saurophilum, and C. felis) (42),
with a bootstrap value of 98% (Fig. 3).

Humans, farm animals, pets, and wildlife have all been pro-
posed as sources of Cryptosporidium oocyst contamination in
the environment (1, 6, 26, 27, 30). The contribution of humans
and specific animals to the oocyst contamination of source
water, however, is difficult to assess due to the lack of labora-
tory tools to differentiate Cryptosporidium oocysts from various
sources. The recent finding of the existence of host-adapted
Cryptosporidium parasites and the development of new molec-
ular tools that can differentiate Cryptosporidium parasites at
the strain level will now allow the determination of the relative
contributions of particular groups of animals to Cryptospo-
ridium oocyst contamination in the environment. In this study,
we have evaluated the usefulness of an SSU rRNA-based
PCR-RFLP technique for the analysis of storm water samples.
This technique was chosen because it has the advantage over
other molecular techniques of detecting and differentiating all
known Cryptosporidium spp. and divergent C. parvum parasites
from various animals (34, 42, 44).

Twelve Cryptosporidium genotypes were found in 27 of 29
storm water samples collected for this study. Only four of these
genotypes matched sequences from known Cryptosporidium
parasites: C. baileyi, Cryptosporidium from snakes, and Crypto-
sporidium genotypes 1 and 2 from opossums. None of the
genotypes found in the storm samples matched those from
humans, farm animals, or companion animals (C. felis, C. me-

TABLE 2. Genetic distances among various Cryptosporidium water genotypesa

Genotype
Genetic distance (nucleotide changes/100 bp) from:

Bov Hum W1 W2 W3 W4 W5 W6 W7 W8 W9 W10 W11 W12

Bovb 0.00 0.60 1.68 2.07 2.19 2.86 3.81 2.09 6.25 5.13 4.23 4.71 4.57 3.65
Humb 0.00 1.55 2.20 2.06 2.60 3.81 2.09 6.11 5.66 4.38 4.71 4.71 3.52
W1 0.00 2.07 2.86 3.28 4.72 2.75 6.27 5.14 5.14 5.39 5.38 4.08
W2 0.00 2.99 3.13 4.00 2.09 5.85 5.02 3.92 4.44 4.29 4.20
W3 0.00 1.28 4.38 2.35 5.14 5.26 4.69 4.99 4.98 2.32
W4 0.00 4.95 2.89 4.61 4.47 5.32 5.28 5.26 2.33
W5 0.00 2.17 8.19 7.19 4.63 5.38 4.99 5.89
W6 0.00 6.18 5.33 3.46 3.75 3.61 3.96
W7 0.00 6.03 7.70 7.81 7.36 4.32
W8 0.00 6.24 6.36 6.35 4.45
W9 0.00 3.74 4.04 5.48
W10 0.00 2.91 5.55
W11 0.00 5.26
W12 0.00

a Based on Kimura two-parameter analysis.
b Bov, C. parvum bovine genotype; Hum, C. parvum human genotype.

FIG. 1. Differentiation of the Cryptosporidium parasites in storm water sam-
ples by SSU rRNA-based PCR-RFLP. Lanes 1, 2, 4, 8, 10, and 11, unknown
Cryptosporidium spp.; lane 3, Cryptosporidium from snakes; lane 5, C. baileyi; lane
6, Cryptosporidium opossum genotype 2; lanes 7 and 9, C. parvum bovine-like
genotype.
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leagridis, C. andersoni, and the human, bovine, dog, and pig
genotypes of C. parvum), indicating that the genotypes in storm
water were probably from wildlife. This conclusion is also con-
sistent with the environmental settings of the sampling sites
and the presence of the four genotypes with known animal
sources. The presence of multiple genotypes in some samples
is expected, considering the runoff nature of storm water and
the likely presence of multiple animal species in the catchment
area. The higher prevalence of Cryptosporidium oocysts in
storm waters is also not surprising, since runoff from storms
can release fecal material from the land cover and cause ele-
vated Cryptosporidium oocyst concentrations in the stream
samples compared with base flow samples.

The public health importance of the genotypes we identified
in water is not yet known. None of these genotypes belong to
the five types of Cryptosporidium parasites found in humans (C.
parvum human, bovine, and dog genotypes, C. meleagridis, and
C. felis) (43). Although 9 of the 12 genotypes (W1 to W8 and
W12) clustered within the clade containing the five known
human-pathogenic Cryptosporidium parasites, the genetic dif-
ferences among the genotypes in storm water are quite large,
with most of them exhibiting 2.07 to 8.19 nucleotide changes

per 100 bp. These genetic distances are much larger than those
between C. parvum and C. wrairi (0.4%), C. parvum and C.
meleagridis (0.87%), or C. andersoni and C. muris (0.87%),
indicating that some of the genotypes may represent different
Cryptosporidium species. Sequence diversity was also found
between some sequences categorized as the same genotype,
such as members of W4, W7, and W8 (Fig. 1). Because it is
known that Cryptosporidium parasites have heterogeneous cop-
ies of the SSU rRNA gene that have minor sequence differ-
ences from the dominant copies (17, 45), these related se-
quences were likely from the same genotypes.

Results of this study also confirmed the need for a better
technique for oocyst isolation and DNA extraction from envi-
ronmental samples (41). Due to the presence of PCR inhibi-
tors, the PCR-RFLP tool failed to detect Cryptosporidium par-
asites in DNA prepared directly from ICR water concentrates.
Secondary purification of oocysts by IMS improved the quality
of DNA extracted. More positivity was revealed by PCR-RFLP
analysis of the IMS-purified ICR pellets than by microscopic
examination of the ICR pellets. This is expected, because only
a small proportion of the ICR concentrates was examined
under the microscope, whereas composite samples were used

FIG. 2. Nucleotide sequence diversity among Cryptosporidium water genotypes in one of the polymorphic regions of the SSU rRNA gene. Dots denote nucleotides
identical to those from the C. parvum bovine (Bov) genotype sequence, and dashes indicate deletions. Hum, C. parvum human genotype.
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in IMS purification of oocysts. The PCR-RFLP technique
needs only a fraction of the DNA from one sporozoite (one
oocyst has four sporozoites, and one sporozoite has enough
DNA for five PCR templates). It is conceivable that the sen-

sitivity of detection can be further improved by the direct
processing of water filtrates with IMS.

In summary, the SSU rRNA-based PCR-RFLP technique
has the potential to differentiate among Cryptosporidium par-

FIG. 3. Phylogenetic relationship among various Cryptosporidium water genotypes as inferred by neighbor-joining analysis. Bootstrap values above 50% from 1,000
pseudoreplicates are shown on the branches.
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asites and to assess the sources of Cryptosporidium parasites in
environmental samples. Results of the present study suggest
that wildlife is a major source of Cryptosporidium oocyst con-
tamination in storm water samples. Further studies are needed
to characterize the genetic nature of Cryptosporidium parasites
from humans and animals so that enough knowledge is accu-
mulated to determine the exact nature and contamination
sources of Cryptosporidium oocysts in water. A complete un-
derstanding of the source of human infection and environmen-
tal contamination would contribute to the scientific manage-
ment of watersheds.

Nucleotide sequence accession numbers. The nucleotide se-
quences of the SSU rRNA gene of Cryptosporidium parasites
have been deposited in GenBank under accession no. AF262324
to AF262334 and AY007254.
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